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Abstract—A power grid with a high penetration of renewable
power generation faces new issues that have not been there
before. The frequency in the power system is highly related
to the mass and the rotational speed of the operational
synchronous machines. With more and more power electronic
converters as energy generation units, the mechanical rotating
mass is decreasing, which causes more and higher frequency
disturbances. Several controls for short term frequency controls
in the power electronic based generation units have been
proposed, but their impact on the frequency reliability is only a
minor researched topic. This paper will analyze different basic
control strategies in power electronic converters to enhance
operational reliability of the power system regarding the short
term frequency reliability.
I. INTRODUCTION
Large amounts of wind and solar power are installed in
power grids in power grids all over the world [1]. The high
amount of renewable power generation is now at a critical
point, where they define the more and more the behavior of
the power grid.
One of the challenges with the usage of power electronic
converter based generation units is the reduction of rotating
mass in the power system, causing higher frequency swings
in the power grid [2]. This is based on the power system
swing equation, that takes the rated power of all operating
synchronous machines (SB) and their time constants (H)
into account.
ḟ = (PGen − PLoad) ·
fnom













Hn · SB n (3)
Often H is called TSI, the total system inertia, the time
constant of an entire synchronous area. This TSI, as well as
SB is reduced, when large parts of the loads are supplied
by converter based generation units instead of synchronous
generators, changing the system behavior during transient
active power events.
The power system frequency changes from the nominal
range when severe events, such as generator failures, trans-
mission line trips or big load outages occur. A lack of
injected power causes the conventional generators to slow
down. An excessive amount of generated power speeds up
the generators, increasing the system frequency. The wide
usage of converter based generation units already causes
the deactivation of some conventional units during a high
renewable penetration situation, changing the rated power
and the time constant H in the swing equation.
Frequency controls have been set in place to keep the
frequency at the nominal value. These frequency controls
balance the produced and consumed power by adjusting
the generated power of the conventional generation units.
This takes part in different time frames, reaching from up
to 10 seconds (primary control) to several minutes (sec-
ondary and tertiary control) [2]. Primary frequency control
is droop based, changing the power output from the running
generation units depending on the frequency deviation. The
activation of reserve generation units, for additional support
during under frequencies is also a strategy for maintaining a
stable system frequency. Nevertheless this is not considered
in this frequency security analysis.
These frequency controls have, due to the increasing
renewable generation, come to a point where the system
frequency can not be reliably maintained only by changing
the power output of the conventional units. This has been
reported by TSOs (Transmission System Operators) being
one of the main challenges in future power grids [3]. To
overcome these issues, the curtailment of wind power during
abnormal over frequency situations is already in place in
many grid codes worldwide. This supports the conventional
generation units in the handling of these events, showing
the awareness of TSOs for this issue. And it shows also
the capabilities of the converter based units to participate in
maintaining a high system operational reliability.
Other, more advanced control strategies are also highly
researched, reaching from the emulation of inertia or virtual
synchronous machines [4]–[6] up to fixed output increase
for short time periods, as certified in [7]. These controls are
feasible, but have not been implemented on a wide scale
and are not part of any grid codes so far. Especially [7]
proofed, that the short term power output increase is possible
without further equipment, with respect to converter current
limitations and other factors. This paper focuses two control
schemes. The first is a droop based control, the other one
uses the frequency deviation as control input.
The reliable supply of electric energy to the customers
is the goal of the entire power system. It can be analyzed
in its performance under different aspects. One is the ade-
quacy of the system, meaning the ability of the system to
supply the loads under all possible steady state operation
points. Another one is the operational security, which is the
capability of the system to withstand a severe disturbance
with minimum impact to the system operation. This paper
will focus on the system security, especially the ability of
the system to maintain a reliable system frequency with a
high penetration level of wind power. An overview of the
different aspects of the system reliability with focus on the
dynamic security is shown in Fig. 1.
Fig. 1: Scheme of the System Reliability Analysis.
The impact of wind power to system adequacy has been
intensely studied [8]. Also the impact on the short term
frequency reliability has been intensively studied before [9]–
[11]. These studies include the requirements of wind turbines
to curtail their power output under abnormal over frequency
situations, as it is nowadays present in many grid codes
all over the world. The probabilistic based system security
assessment uses time series simulation with respect to the
occurrence rate of possible events under different system
conditions. Because the system load is not constant and the
wind is not always fully available, there are changes in the
system behavior to the same disturbances at different points
of operation.
The number and duration of abnormal frequency events is
measured from the simulation outcome. Also the amount of
wind energy curtailment, and the amount of curtailed system
load. These indexes allow a probabilistic verification of the
system security, hence the ability of the system to withstand
a severe active power disturbances.
The influence of additional frequency controls in the
power electronic based generation units on the power system
frequency security is not evaluated for now. This paper
analyzes the system behavior with additional, basic control
strategies, providing a guideline for a more and more power
electronic converter based power system.
II. METHODS
The used power system for the reliability calculation is
a modified version of the IEEE-9 Bus system [12], as it
can be seen in Fig. 2, with detailed load variations as in
[13]. This system is well established for different types of
reliability analysis, from security to adequacy assessment.
Also the integration of wind turbines into the system has
been done before, as in [14], [15]. In [14] they also focus
on the frequency security due to the power electronic based
unis, but without additional frequency support functionality
in the respective units.
Fig. 2: Modified IEEE 9-Bus System with Wind Integration.
For the frequency reliability evaluation, the system can be
expressed with a single bus, taking all loads, conventional
generation units and additional equipment into the one bus
[16]. The different parts of the power system will be further
analyzed in the following sections.
A. System Load
The power system load is not fixed during the daily or
yearly operation, but changes over time. The system load
can be represented by the maximum load during every hour
of a year, as in [12], which will be used in this analysis as
well. This results in a load duration curve (LDC) as shown in
Fig. 3, where the peak load throughout the year is 315 MW,
as in the IEEE 9-Bus system.
Fig. 3: Load Duration Curve of the Power System.
For the system security assessment the probability of
higher and lower load demands throughout the operation has
to be taken into account, hence the load level determines the
active conventional power generation units in the steady state
with respect to the actual wind power injected to the power
grid. This load duration curve is discretized in order to start
the time series simulation from a stable steady state value.
Load trips can occur during the system operation, which
can be caused by tripping transformers, lines or buses or
internal issues. These load trips cause rising frequencies,
which has to be controlled by reducing the output power
of the generation units. These load reduction are parts of
the rated system loads with respect to the load duration
curve. Also load curtailment during under frequencies has
been implemented, stabilizing the system frequency after a
severe generation outage [17].
B. Generation Units
The conventional generation units in the modified IEEE 9-
Bus test system have a total capacity of 380 MW. The power
rating has been slightly increased from the original IEEE 9-
Bus system (320 MW), allowing n-1 security and spinning
reserve capability. Hence all units are simulated in one bus,
it is not necessary to distribute the generation units exactly
as in the three generation buses. In the proposed test grid,
each generator has a certain probability of a trip every year,
calculated with the mean time to failure (MTTF) [12], as
shown in Table I.
TABLE I: Generator Data
Rated Power Number MTTF MTTR H
[MW ] of Units [hrs] [hrs] [s]
5 4 2940 60 2.5
10 4 450 50 3.0
20 5 1960 20 3.5
30 2 1960 40 4.0
40 4 1200 50 4.3
The generation units are capable of providing primary and
secondary control as used in [11].
C. Wind Power
The actual Wind Power injected into the power system
is also not constant, but determined by the actual wind
speed blowing and the limitations of the turbines. The wind
speed probability has been determined for different locations
around the world. Its probability can be expressed with a
Weibull-Distribution with varying parameters [18], which
can be compared with the capacity factor [19]. This wind
speed has to be recalculated to the wind power output,
respecting cut-in wind speed, cut out wind speed and maxi-
mum wind power. This leads then to the wind power duration
curve from Fig. 4. In this analysis, the wind turbines operate
with 2500 full load hours, the capacity factor is therefore
28.5 %.
For the reliability evaluation of wind integrated power
systems, the different levels of wind speed and their proba-
bilities have to be taken in consideration. The installed wind
power is 72 MW power. The actual injected power is based
on the probability of wind speed and the resulting produced
power of the wind turbine. The wind speed is assumed to
be constant at all wind turbines, an independent wind speed
for many smaller units can be a part of future research. The
wind turbine control is includes the grid requirement for
over frequency output reduction (frequency response) as in
the Danish grid code [20] (seen in Fig. 5).
This control reduces the output power during over fre-
quency situation to support a stable operation of the grid.
This control has a limited range and its response time has to
be smaller than 10 sec. Nevertheless, it does not impact the
frequency derivative, hence other controls may be needed
Fig. 4: Wind Power Duration Curve.
Fig. 5: Danish Grid Code requirement regarding the fre-
quency response of Wind Power Plants.
with a wider integration of converter based units in power
grids.
The system TSI changes with the wind power installed.
This is due to the reduction of rotating mass during the
wind power injection, as shown in Fig. 6. The base case
refers to the IEEE 9-Bus System, without wind turbines, so
all generated power is produced by conventional generation
units. When the wind turbines are included, they displace
some generation units, reducing the TSI during wide parts
of the operation time. The minimal TSI changes therefore
from 3.5 sec to only 2.5 sec, meaning a severe weakening of
the system during these hours of operation.
The shown reduction in the transmission system inertia
shows the weakened system capability to withstand active
power imbalances. especially the reduction of the lowest
value from 3.5 sec to 2.5 sec verifies this. The TSI shown
in Fig. 6 describes the generation units being in operation
during the steady state. The trip of a generation unit can
cause a further drop of the transmission system inertia.
D. Additional Frequency Controls
The rate of change of frequency (RoCoF) is mainly de-
pendent on the rotating mass of the synchronous generators
and the active power imbalance. The replacement of the
conventional generators with power electronic based units
is increasing the RoCoF during active power imbalances,
leading also to increased frequency deviations.
Fig. 6: TSI of the IEEE 9-Bus System with and without
Wind Power Generation.
Different additional frequency controls have been pro-
posed in the past. These range from droop controls, over
inertia emulating controls to virtual synchronous machines
or constant power injections at certain frequency thresholds.
This paper focuses on droop based frequency controls and
Inertia emulating controls. These controls are set up with dif-
ferent parameters to change their behavior. The utilization of
active power increase during low frequency events requires
additional costs. To take this into account, both strategies will
be once tested with the possibility of active power increase
and once without. This helps to determine the value of this
enlarged control range.
1) Droop Control:
The droop based control structure is shown in Fig. 7.
Fig. 7: Droop Control Structure.
The initial response follows the droop characteristic, hence
on the long term the output is brought back to the maximal
output with the limiter and the integrator, bringing the
frequency deviation back to zero in steady state. This control
is designed to help the conventional generation units during
the initial frequency deviation, but minimizes the long term
output reduction of the wind turbines.
The maximal power reduction in this control is 0.2 pu.
The limit for the power output increase is once set to 0,
allowing no power increase. Later, this limiter is changed,
allowing a 0.1 pu power increase. This additional power can
come from the rotational energy of the blades or from battery
solutions. In this study, the origin of the additional power is
not determined, nor of further interest.
The droop value has been set to 1, causing a power
reduction of 0.1 pu at a frequency deviation of 0.1 Hz.
Meaning, the control is fully active, before the frequency
response, as required in the grid code (as in Fig. 5), is
activated. The second evaluation uses a droop value of 2,
causing a reduction of 0.1 pu at a frequency deviation of
only 0.05 Hz.
2) Emulation of Inertia:
The direct reduction of the frequency deviation, the Ro-
CoF, is the aim of the second tested control. The control
structure with the controller gain is shown in Fig. 8.
Fig. 8: Inertia Emulating Control Structure.
The controller is limited the same way as with the droop
control, allowing a 0.2 pu power reduction in the first eval-
uation. The power increase is there deactivated. Afterwards,
0.1 pu additional power can be provided for a short duration
to stabilize the system during frequency drops. The first
controller gain is chosen to allow a 0.1 pu power change at
a RoCoF of 0.2 Hz/sec. The second controller gain higher,
causing a 0.1 pu power change at a RoCoF of just 0.1 Hz/sec
E. Reliability Evaluation
Following the reliability parameters presented in [11],
the abnormal frequency events can be compared with and
without additional frequency controls in the wind turbines.
The reliability indexes are the number and duration of
abnormal frequencies and the energy used for frequency
regulation by the conventional generation units. Also the
not used wind energy and the surplus wind energy due to
additional controls are monitored. Also the load curtailment
is taken into consideration, measuring the amount of not
supplied energy. The nominal frequency of the tested power
system is 50 Hz, with the abnormal frequency occurring at
a frequency deviation of ± 0.2 Hz.
The parameters are evaluated, taking the probabilities
of the active load, actual wind speed and the probability
of the disturbances into consideration, combining it up to
indexes for the evaluated operational frequency security. As
an example, the calculation of the expected number of over




pLoad, n ·pWind, n ·pEvent, n ·ENOFn (4)
All determined indexes are shown in Table II, where
”Exp.” stands for the expected system index.
The IENS is the energy, which is provided by the con-
ventional generation units for primary and secondary control.
ECU is the amount of energy that has been not produced due
to frequency controls by the conventional generators. These
energies have a severe influence on the economic operation
of the power system. Therefore, they have to be considered
for the reliability evaluation of the system.
TABLE II: Reliability Evaluation Indexes
Index Unit Full Name
ENOF Exp. Number of Over Frequency Events
ENUF Exp. Number of Under Frequency Events
ENAF Exp. Number of Abnormal Frequency Events
EOFD min Exp. Over Frequency Duration
EUFD min Exp. Under Frequency Duration
EAFD min Exp. Abnormal Frequency Duration
EENS MWh Exp. Energy Not Served to loads
EWEW MWh Exp. Wind Energy Wasted
EWES MWh Exp. Wind Energy Surplus Supplied
IENS MWh Indirect Energy Not Supplied
ECU MWh Unnecessary Energy Consumption
III. COMPARISON OF TESTED CONTROL STRATEGIES
Several simulations have been performed with the differ-
ent events and varying wind power injected into the power
grid and load consumed by the system. The results of these
scenarios are shown in the following sections. First some
time series results and afterwards the reliability comparison
of the droop control implementations. The shown simulation
show all the same steady state operation, where the system
load is 190 MW and the injected wind power is 72 MW.
A. Frequency behavior with Droop Control
The following figures show the system behavior with
additional droop control in the wind turbines. In Case 1 only
power reduction is possible, whereas the controller setup in
Case 2 has the possibility to increase the power output as
well.
1) Case 1: Only Power Reduction:
The simulation results in Fig. 9a show the frequency
behavior after a load disconnection of 8 MW. The reduced
wind power injected into the grid by the additional droop
controls is shown in Fig. 9a.
The simulation results of this case shows the reduction of
the maximum frequency deviation in Fig. 9a. Nevertheless,
the frequency still rises over 50.2 Hz, mening an abnormal
frequency event. But the duration of this event is severely
reduced with this control, resulting a slightly reduced reli-
ability index for this simulation outcome. The wind energy
(shown in Fig. 9b), which is wasted increases from 5 MW
to 8 MW with the increased droop parameter. It can also be
noted, that the initial RoCoF is not changing, due to the
response time of the control of around 2 sec.
2) Case 2: Power Increase Possible:
The second shown event is the same initial grid condition
and wind injection, but with a generation loss of 7 MW. Now,
the droop control is also able to increase the output by 0.1 pu.
Fig. 10a shows the enhanced system frequency during the
disturbance, hence the frequency drop is less severe. It can
be noted, that the increased controller gain only slightly
enhances the frequency behavior, a higher value has even
potential to cause more oscillations in the system. Fig. 10b
shows the increase of wind output during the low frequency
duration. The higher controller gain is not causing a higher
power output in the first swing, even though the limit of
7.2 MW has not been reached jet.
(a) System Frequency during Disturbance in Case 1.
(b) Reduced Wind Power during Disturbance in Case 1.
Fig. 9: Simulation Case 1 with Droop Control.
(a) System Frequency during Disturbance in Case 2.
(b) Increased Wind Power during Disturbance in Case 2.
Fig. 10: Simulation Case 2 with Droop Control.
These, and many more time-series results are then trans-
formed into reliability parameters in the following section to
see the overall effect of the different controls to the system
performance during transient frequency events.
B. Reliability with Droop Control
The reliability indexes of the wind integrated power
system is compared with and without the droop control in
Table III. The wind integration reduces the inertia in the
system due to the deactivation of conventional generation
units, when not needed.
TABLE III: Reliability with Droop based Control (Only
Reduction)
Parameter No Wind Wind Included Droop 1 Droop 2
ENOF 5.84 6.44 5.67 5.48
ENUF 80.1 82.24 81.95 81.94
ENAF 85.94 88.69 87.62 87.42
EOFD 0.543 0.885 0.588 0.569
EUFD 17.95 19.98 19.94 19.93
EAFD 18.49 20.83 20.51 20.50
EENS 348.6 370.2 369.9 369.9
EWEW 0 0.0766 0.0466 0.0553
IENS 150.2 145.2 145.2 145.2
ECU 9.2 10.11 10.11 10.11
It can be seen in Table III, how the installation of the
wind turbines without further control affects the system
frequency security compared to the system without wind
turbines installed. Mainly, the expected energy not served
goes up, meaning more and longer load curtailments. But
also the number and duration of abnormal frequency events
rises. The ECU, the energy used by the conventional units
to control over frequency events rises, meaning a higher
need for power reductions during the operation. This can
be explained with the amount of load curtailments. during
the events, where load curtailments occur, there is a lesser
need for the generation units to increase their power, because
there are fewer loads in the system.
The usage of additional output reduction controls de-
pending on the frequency deviation is severely reducing the
expected number and duration of over frequency events. The
under frequency occurrences and duration are not severely
affected, hence the added controls are not able to provide ad-
ditional energy during these events. Interesting is the change
of the expected wind energy wasted, which is reduced during
the usage of the first droop parameter, but increased again
slowly with the higher droop. This indicates an optimal
droop coefficient for the wasted energy.
Table IV shows the frequency security indexes with also
power increase possible for the wind turbines.
The option to increase the power output even for a short
time has a severe effect on the system security. The load cur-
tailment is severely reduced, even below the original system
without wind turbines. Also the number of under frequency
events is slightly reduced, compared to the initial value. This
enhances system behavior comes with the drawback of the
energy that has to be provided by the converter based units.
The energy used by the conventional generation units for
the frequency control (IENS and ECU) is almost not changed
with the additional frequency controls. This is primarily due
to the short time of the control interactions compared to the
TABLE IV: Reliability with Droop based Control
Parameter No Wind Wind Included Droop 1 Droop 2
ENOF 5.84 6.44 5.86 5.73
ENUF 80.1 82.24 81.34 79.5
ENAF 85.94 88.69 87.2 85.23
EOFD 0.543 0.885 0.55 0.54
EUFD 17.95 19.98 18.7 18.62
EAFD 18.49 20.83 19.25 19.16
EENS 348.6 370.2 347.97 339.1
EWEW 0 0.0766 0.0488 0.061
EWES 0 0 0.0623 0.0851
IENS 150.2 145.2 148.14 148.6
ECU 9.2 10.11 9.63 9.55
long control duration of primary and secondary frequency
control. The IENS is not increasing, because the wind
turbines can clear the critical frequency deviations in a short
period of time.
C. Frequency behavior with Inertia based Control
The frequency behavior with additional inertia based
control is the point of interest in this section. The control
is supposed to reduce the rate of frequency change and
therefore also the maximum frequency deviation, resulting
in a more reliable system. The shown simulations are the
same circumstances as in Section III-A.
1) Case 1: Pure Power reduction:
The results of the simulation for this case is shown in
Fig. 11. Fig. 11a shows the frequency behavior after the load
disconnection of 8 MW. The reduced wind power injected
into the grid due to the additional control is shown in
Fig. 11b. An increase of wind power is not possible here.
These simulation results show the change wind power
reduction (Fig. 11b) compared to the droop based control.
The power reduction here is lower than with the droop
control in Fig. 9b (6 MW compared to 8 MW), but it decays
faster due to the control characteristics. This faster response
is responsible for the improved frequency behavior with
lesser wasted wind energy during this system setup and
disturbance.
2) Case 2: Power Increase Possible:
The second shown event is the same initial grid condition
and wind injection, but with a generation loss of 7 MW. Now,
the droop control is also able to increase the output by 0.1 pu.
The Fig. 12a shows the system frequency during the weak-
ened grid condition with a more dynamic inertia control. The
wind power change is shown in Fig. 12b. Further increase
of the controller gain constant (MW change due to Hz/sec
change) can nevertheless lead to system instabilities and
oscillations in very weak grid conditions. The balance is
therefore to design the control parameters together with the
changing system dynamics.
D. Reliability with Inertia
The reliability indexes of the IEEE 9 Bus wind integrated
system with control schemes to emulate inertia are shown in
Table V. This control only reduces the injected wind power,
(a) System Frequency during Disturbance in Case 1.
(b) Reduced Wind Power during Disturbance in Case 1.
Fig. 11: Simulation Case 1 with Inertia Control.
(a) System Frequency during Disturbance in Case 2.
(b) Increased Wind Power during Disturbance in Case 2.
Fig. 12: Simulation Case 2 with Inertia Control
therefore the control is limited in its performance regarding
under frequency events.
TABLE V: Reliability With Inertia Control (Pure Reduction)
Parameter No Wind Wind Included Inertia 1 Inertia 2
ENOF 5.84 6.44 5.94 5.67
ENUF 80.1 82.24 81.94 81.88
ENAF 85.94 88.69 87.88 87.55
EOFD 0.543 0.885 0.607 0.576
EUFD 17.95 19.98 19.92 19.92
EAFD 18.49 20.83 20.53 20.50
EENS 348.6 370.2 369.9 369.9
EWEW 0 0.0766 0.0754 0.0822
IENS 150.2 145.2 145.2 145.2
ECU 9.2 10.11 10.11 10.11
The inertia based control with only power output reduction
has, as well as the droop based control, the potential to
reduce the number and duration of over frequency events.
It has to be noted, that the expected wind energy wasted
is nevertheless not severely dropping as in Table III. This
means, that some over frequency events can be avoided with
this control structure, but the majority of load trips still
causes frequency rises over 50.2 Hz.
The system reliability parameters change with as shown in
Table VI, when the control is designed to also allow a 0.1 pu
power increase with emulated inertia. Now it is possible
to control the system frequency over a much wider range,
enhancing the system performance during the loss of active
power generation.
TABLE VI: Reliability with Inertia Emulating Control
Parameter No Wind Wind Included Inertia 1 Inertia 2
ENOF 5.84 6.44 5.86 5.62
ENUF 80.1 82.24 79.4 78.4
ENAF 85.94 88.69 85.26 84.02
EOFD 0.543 0.885 0.588 0.535
EUFD 17.95 19.98 18.46 18.2
EAFD 18.49 20.83 19.04 18.735
EENS 348.6 370.2 337.8 326.4
EWEW 0 0.0766 0.035 0.0398
EWES 0 0 0.12 0.153
IENS 150.2 145.2 149.6 149.7
ECU 9.2 10.11 9.63 9.62
The possibility to increase the power output with the em-
ulation of inertia has a severe effect on the load curtailment.
The expected energy not supplied index is severely dropping.
But in order to achieve this, more energy has to be supplied
by the wind turbines during short periods. Nevertheless, this
control seems to have a more severe effect on the overall
system performance than droop based control structures.
It can be seen in Table VI, as well as in Ta-
ble reftab:InertiaReliabilityResultUp, that the control has a
much higher influence on avoiding load curtailments (at
frequencies below 49 Hz) than on avoiding frequency drops
below only 49.8 Hz. The response time of the converter
controls seems to give severe limitations to in avoiding the
majority of abnormal under frequency states.
IV. CONCLUSION
The paper shows the impact of two different frequency
control schemes in a highly wind integrated power system
to the system frequency security. The converter based gen-
eration units have the possibility to contribute to a stable
system operation with controlled power reduction, but this
comes together with wasted wind energy and therefore high
economic drawbacks. The installation of energy storage or
the usage of rotational energy from the blades seems to be a
viable step to contribute to a power electronic based power
system, reducing the need for load curtailment.
Different kinds of controls can be implemented in power
electronic based generation units, all changing the system
frequency behavior. This paper is therefore not a finished
analysis of all possible controls, but it shows trends, which
controls are effective with respect to the system frequency
security. The finding of an optimal balance between wasted
energy, additional equipment and system performance de-
pends on the system structure as well as on the amount of
wind generation and has to be further researched.
A high integration of converter based units, replacing
a severe number of conventional generation units, can be
realized with different approaches. One of them is the
usage of additional frequency control schemes, another is
an increase of spinning reserve in the power system. An
economical evaluation of the different possibilities has to be
done in future research, allowing a secure system operation
with reasonable costs.
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